Efficient xylose utilization is one of the most important pre-requisites for developing an economic microbial conversion process of terrestrial lignocellulosic biomass into biofuels and biochemicals. A robust ethanol producing yeast Saccharomyces cerevisiae has been engineered with heterologous xylose assimilation pathways. A two-step oxidoreductase pathway consisting of NAD(P)H-linked xylose reductase and NAD + -linked xylitol dehydrogenase, and one-step isomerase pathway using xylose isomerase have been employed to enable xylose assimilation in engineered S. cerevisiae. However, the resulting engineered yeast exhibited inefficient and slow xylose fermentation. In order to improve the yield and productivity of xylose fermentation, expression levels of xylose assimilation pathway enzymes and their kinetic properties have been optimized, and additional optimizations of endogenous or heterologous metabolisms have been achieved. These efforts have led to the development of engineered yeast strains ready for the commercialization of cellulosic bioethanol. Interestingly, xylose metabolism by engineered yeast was preferably respiratory rather than fermentative as in glucose metabolism, suggesting that xylose can serve as a desirable carbon source capable of bypassing metabolic barriers exerted by glucose repression. Accordingly, engineered yeasts showed superior production of valuable metabolites derived from cytosolic acetyl-CoA and pyruvate, such as 1-hexadecanol and lactic acid, when the xylose assimilation pathway and target synthetic pathways were optimized in an adequate manner. While xylose has been regarded as a sugar to be utilized because it is present in cellulosic hydrolysates, potential benefits of using xylose instead of glucose for yeast-based biotechnological processes need to be realized.
Background
With rising energy demand and environmental pollution, searching for promising alternative energy sources replacing conventional non-renewable fossil fuels is imperative. Microbial conversion of renewable biomass, such as plant cell walls, into biofuels and chemicals is a plausible option to substitute petroleum refineries in a sustainable manner. To develop economic and sustainable conversion processes at an industrial scale, substrates of the microbial conversion must be cheap, eco-friendly, and not competing with food supply to avoid ethical issues [1] . Lignocellulosic biomass, such as energy crops and agricultural residues, is an ideal candidate as renewable source satisfying the conditions. Glucose and xylose are most abundant monosaccharides in lignocellulosic biomass taking up 60-70 and 30-40% of their hydrolysates, respectively [1, 2] . Thus efficient xylosefermenting microbial strains are essential for developing economically feasible bioconversion processes using the renewable biomasses.
Although there are many bacterial and yeast strains capable of naturally utilizing xylose, Saccharomyces cerevisiae has advantages over the innate xylose-utilizing microorganisms regarding robustness against various stresses in industrial environments, such as low pH, high osmotic pressure, high alcohol concentration, and phage contamination [3] [4] [5] . Fundamental strategies to construct efficient xylose-fermenting yeasts using S. cerevisiae and yeast co-fermentation of mixed sugars in lignocellulosic hydrolysates have been previously reviewed in depth [2, [6] [7] [8] [9] [10] . In this review, therefore, we focus more on the utilization of xylose as a sole carbon source by engineered yeast, and intend to discuss recent advances in metabolic engineering studies to overcome limitations on xylose fermentation by engineered yeast. Additionally, we demonstrate distinct features in metabolic physiology during xylose fermentation by engineered yeast, and potential benefits of xylose as a carbon source to produce other valuable fuels and chemicals instead of ethanol [11, 12] .
Yeast xylose metabolism
Xylose assimilation requires the isomerization of xylose into xylulose and subsequent phosphorylation of xylulose into xylulose-5-phosphate which is an inlet metabolite to pentose phosphate pathway. Xylose-fermenting microorganisms engage two distinct pathways, the oxidoreductase pathway and the isomerase pathway, for conversion of xylose into xylulose (Fig. 1) . Xylose-fermenting yeasts employ the oxidoreductase pathway consisting of two enzymatic reactions of xylose reductase (XR, EC 1.1.1.30) and xylitol dehydrogenase (XDH, EC 1.1.1.9), which convert xylose to xylulose via xylitol. The xylose-fermenting yeast strains assimilate xylose mainly under aerobic conditions. XR has a dual cofactor preference with NADPH and NADH, whereas XDH uses only NAD + . On the other hand, the isomerase pathway consists of one enzymatic reaction of xylose isomerase (XI, EC 5.3.1.5). XI catalyzes various sugar interconversions of aldose and ketose including xylose and xylulose without cofactor requirement. Although most XIs have been identified from bacterial strains [13] , anaerobic fungi assimilating xylose via XI, such as Piromyces [14] and Orpinomyces [15] , also have been discovered. Xylulokinase (XK, EC 2.7.1.17) catalyzes the xylulose phosphorylation to xylulose-5-phosphate, an intermediate of the non-oxidative pentose phosphate pathway and the phosphoketolase pathway.
The pentose phosphate pathway is a universal metabolic pathway using xylulose-5-phosphate as a metabolic intermediate. It can be divided into two distinct phases, an oxidative phase and a non-oxidative phase. Yeast cells metabolize xylulose-5-phosphate through the non-oxidative pentose phosphate pathway and form various phosphorylated sugars of three, four, five, six, and seven carbons which serve as intermediates of glycolysis or precursors of cell components such as nucleotides and amino acids [16] . The oxidative pentose phosphate pathway is a major route for generating NADPH which functions as a driving force for the XR activity and a protection mechanism against oxidative stresses [16, 17] (Fig. 1) .
Xylulose-5-phosphate can also be metabolized through the action of phosphoketolase (PK, EC 4.1.2.9) in several xylose-fermenting yeasts including Candida tropicalis, Rhodotorula graminis, and Rhodotorula glutinis [18] , although PK pathway is more common in prokaryotes [19] . PK cleaves xylulose-5-phosphate to form glceraldehyde-3-phosphate and acetyl phosphate. While glyceraldehyde-3-phosphate can be further metabolized through glycolysis and non-oxidative pentose phosphate pathway (Fig. 1) , the metabolism of acetyl phosphate in these xylose-fermenting yeasts has not been clearly disclosed up to now. Some other eukaryotic microorganisms can convert acetyl phosphate into acetyl-Coenzyme A (acetyl-CoA) through combined reactions of acetate kinase (ACK, EC 2.7.2.1) and acetyl-CoA synthase (ACS, EC 6.2.1.1) or a single reaction of phosphotransacetylase (PTA, EC 2.3.1.8) [20] (Fig. 1) . Recently, Meadows et al. [21] reported that yeast glycerol-3-phosphate phosphatases have a promiscuous phosphatase activity on Fig. 1 Overview of xylose assimilation pathways in yeasts. Red items indicate heterologous metabolic pathways which have been introduced into S. cerevisiae. 6-PGL 6-phosphoglucono-1,5-lactone, 6-PG 6-phosphogluconate, GA-3-P glyceraldehyde-3-phosphate acetyl phosphate, resulting in acetate formation from acetyl phosphate.
Construction of efficient xylose-fermenting S. cerevisiae for ethanol production
Despite the abundance of xylose in nature, only a few yeasts naturally have the ability to assimilate xylose [22, 23] . Interestingly, many yeasts possess the genes coding for XR, XDH, and XK, yet a considerable number of the yeasts do not grow on xylose or shows varied xylosefermenting abilities among strains. It reflects other possible factors allowing yeasts to metabolize xylose beyond presence or absence of the xylose pathway, such as regulations of xylose pathway expression or characteristics of enzymes [24] . Among the innate xylose-fermenting yeasts, Scheffersomyces stipitis is one of the most studied yeasts regarding its biochemistry of xylose pathway and xylose conversion into ethanol [23, 25] . For heterologous xylose pathway expression in the eukaryotic host system, Sc. stipitis genes encoding xylose pathway have been more widely used than any other eukaryotic xylose pathway [6] [7] [8] [9] . Spathaspora passalidarum is a relatively recently identified beetle-associated yeast [26] and currently the most promising native xylose-fermenting yeast in terms of growth and ethanol fermentation on xylose [27, 28] . Sp. passalidarum has NADH-preferred XR that allows Sp. passalidarum to more efficiently consume xylose and produce ethanol under both aerobic and anaerobic culture conditions as compared to Sc. stipitis and other native xylose-fermenting yeasts [27] . However, their tolerances against ethanol and inhibitors in lignocellulosic hydrolysates, such as furfural, hydroxymethyfurfural, and organic acids, are low [29, 30] , and the pefromance of xylose fermentation by the native xylose-fermenting yeast strains strongly depends on culture conditions [31] .
Consequently, various metabolic engineering approaches have been undertaken to introduce xylose metabolic pathways into S. cerevisiae-the best genetically characterized yeast as the first eukaryote whose whole genome was completely sequenced [32] -to build economically feasible xylose fermentation processes. S. cerevisiae is an indispensable microbial cell factory in current biotechnology and food industries, especially as an ethanol producer, due to its high fermentation rate and robustness to environmental stresses including tolerance to alcoholic products [3] [4] [5] . However, S. cerevisiae cannot naturally utilize xylose, while it can assimilate xylulose through endogenous xylulokinase (XKS1) and pentose phosphate pathway [33] . Metabolic engineering approaches for introducing heterologous xylose utilization pathways and optimizing internal metabolisms have been undertaken to develop efficient xylose-fermenting S. cerevisiae strains. Performances of representative xylosefermenting S. cerevisiae strains were compared in Table 1 .
Engineering with the xylose isomerase pathway
XI coding genes are mainly spread over bacterial genomes. Accordingly, initial attempts to introduce the XI pathway into S. cerevisiae employed bacterial XI genes. However, most of them were unsuccessful due to the difficulties in expressing bacterial XIs functionally in yeast [34] [35] [36] . There was an approach searching novel XIs from soil metagenomics library based on protein sequences and activities in Escherichia coli, yet the identified XIs could not perform in S. cerevisiae as strong as in E. coli [37] . Discovery and application of eukaryotic XI coding genes from anaerobic fungi [14, 15, 38-40], and bacterial XI genes of Thermus thermophiles [41] , Clostridium phytofermentans [42] , and Bacteroides stercoris [43] which can be functionally expressed in S. cerevisiae enabled successful xylose fermentation by engineered S. cerevisiae. Artificial adaptation of heterologous XIs to enhance expression and activity in S. cerevisiae has been conducted to improve xylose fermentation by XI expressing S. cerevisiae. First, codon optimization and increased gene dosages of XI can improve XI activity in S. cerevisiae [42, 44] . For example, Brat et al. changed the C. phytofermentans XI coding sequence based on the codon usage of glycolytic pathway genes which are highly expressed in S. cerevisiae [45] . The codon optimization enhanced the XI activity in S. cerevisiae, resulting in a 46% increase in specific growth rate on xylose [42] . Laboratory evolution of a XI expressing S. cerevisiae led to amplification of an expression cassette containing a codon-optimized XI [44, 46] . The higher copy number of the XI expression cassette resulted in a higher transcriptional level and consequently enhanced the XI enzymatic activity of the evolved S. cerevisiae compared to the parental strain containing a single copy of the codon-optimized XI [44, 46] . Second, directed evolution is also an effective strategy to improve kinetic properties of XI expressed in S. cerevisiae. Lee et al. [47] screened XI mutants which enable higher growth rate of the transformant S. cerevisiae on xylose, after introducing mutated XYLA from Piromyces sp. via three rounds of mutagenesis and growth-based screening under xylose conditions. Six amino acid substitutions (E15D, E144G, E129D, A177T, T242S, and V433I) were accumulated in the final mutant XYLA during the three rounds of directed evolution. The six-amino acidmutated XI exhibited a 77% higher V max as compared to the wildtype. The essential and synergistic mutations, E15D and T242S, were further identified among the six mutations of the final mutant. Expression of the mutant XI (E15D and T242S) resulted in 8 times higher ethanol production and xylose consumption rate of S. cerevisiae as compared to wildtype Piromyces XI expression [47] .
Recent two studies on laboratory evolution of XI expressing S. cerevisiae strains have reported novel engineering targets, which are not directly related to sugar catabolism, to improve xylose utilization. Both laboratory evolution studies with bacterial XI (C. phytofermentans xylA) under aerobic conditions [48] , and fungal XI (Orpinomyces sp. XYLA) under semi-anaerobic conditions [46] discovered that loss-of-function mutations of ISU1, which encodes a conserved mitochondrial matrix protein participating in assembly of iron-sulfur cluster, enhanced xylose fermentation of the XI expressing S. cerevisiae strains. Laboratory evolution of the fungal XI expressing S. cerevisiae discovered an additional loss-of-function mutation of SSK2 which further enhanced xylose assimilation of the isu1 mutant S. cerevisiae [46] . Ssk2p positively interacts with HOG (high-osmolarity glycerol) pathway, which is known to be involved in the cation homeostasis, by direct phosphorylation of Hog1p [49] . Interestingly, laboratory evolution of the bacterial XI expressing S. cerevisiae observed beneficial effects of loss of HOG1 function regarding xylose fermentation under aerobic conditions [48] . Lossof-function mutations on ISU1, SSK2, and HOG1 could cause impaired biosynthesis of the iron-sulfur cluster and increased the availability of iron ion [46, 48, 50] . Higher availability of iron ion (Fe 2+ ) may activate metalloenzyme XI [51] or promote aerobic sugar catabolism via biosynthesis of iron-containing heme and formation of active cytochrome C oxidase subunits. Loss of ISU1 function indeed led to the enhanced respiratory metabolism of mitochondria in the XI expressing S. cerevisiae on xylose [48] . The model of the iron availability was supported by the improved xylose assimilation of the XI expressing S. cerevisiae through iron supplementation [46] .
As Hog1p up-regulates transcriptional levels of GRE3 coding for aldose reductase involved in the formation of xylitol [48, 52] , loss of HOG1 function also could indirectly enhance xylose assimilation in a XI expressing S. cerevisiae due to the reduction of xylitol production [48] . Additional laboratory evolution under anaerobic conditions resulted in the direct loss of GRE3 function in the evolved S. cerevisiae, indicating that reduced expression levels of GRE3 by the hog1 mutation might not be adequate during anaerobic xylose fermentation [48] . The laboratory evolution under anaerobic conditions also resulted in a loss-of-function mutation in IRA2, which encodes an inhibitor reducing cAMP levels [48, 53] . As the increase in cAMP concentration activates key glycolytic enzyme reactions via cAMP-protein kinase A pathway [54] , the ira2 mutation may improve xylose consumption and ethanol production of engineered S. cerevisiae by enhancing glycolytic flux. Interestingly, the positive effects of the ira2 mutation during anaerobic xylose assimilation required the isu1 mutation [48] .
Engineering with the xylose reductase-xylitol dehydrogenase pathway
Most metabolic engineering studies expressing heterologous XR-XDH pathway in S. cerevisiae mainly employed Sc. stipitis XYL1 and XYL2 genes coding for XR and XDH, respectively, to fill the metabolic gap between xylose and xylulose of S. cerevisiae [55] [56] [57] [58] [59] . Engineered S. cerevisiae with the XR-XDH pathway exhibited faster xylose assimilation rate and higher ethanol titer than engineered S. cerevisiae with the XI pathway [60, 61] .
However, the XR-XDH pathway has a drawback of the cofactor imbalance between the XR (mainly NADPHdependent) and XDH (NAD + -dependent), especially under anaerobic conditions where NADH cannot be oxidized to NAD + using oxygen as an electron acceptor. The different cofactor preferences of XR and XDH can result in NAD + deficiency (or surplus NADH) which may cause the accumulation of xylitol under anaerobic conditions. As such, engineered yeast with the XR-XDH pathway exhibited lower ethanol yields than engineered yeast with the XI pathway [60, 61] .
Dynamic flux balance analysis predicted faster xylose assimilation and higher ethanol titers by engineered S. cerevisiae expressing cofactor-balanced oxidoreductase pathway [62] . Also, protein engineering approaches to alter cofactor preferences of XR to NADH [63] [64] [65] [66] [74] ( Table 1) .
Increasing XDH activity compared to XR activity in engineered S. cerevisiae can be an alternative approach to reducing xylitol accumulation. Eliasson et al. simulated xylose assimilation of engineered S. cerevisiae using a simplified kinetic model of XR-XDH-XK reactions and predicted that xylitol accumulation would be minimized when the activity ratio of XR/XDH is less than 0.1 [75] . Also, engineered S. cerevisiae with low XR/XDH ratios led to reduced xylitol accumulation and higher ethanol yield [75, 76] . Similarly, the efficiency of the oxidoreductase pathway can be improved by increasing XDH activities when XR activity levels are fixed [77] [78] [79] .
Instead of altering expression levels of XR and XDH, some studies manipulated endogenous oxidoreductase pathways in S. cerevisiae to change NADH/NADPH ratio so that XR and XDH reaction can be operated without causing redox imbalance. As the oxidative phase of pentose phosphate pathway is a major metabolic route for generating NADPH in S. cerevisiae (Fig. 1) , knockout of related genes such as ZWF1 (glucose-6-phosphate dehydrogenase, EC 1.1.1.49) and GND1 (6-phosphogluconate dehydrogenase, EC 1.1.1.44) substantially decreased cellular NADPH levels, resulting in lower XR/XDH activity ratios and lower xylitol yield from xylose [80, 81] ( Fig. 2a) . However, the impaired XR activities due to reduced NADPH levels in the Δzwf1 and Δgnd1 mutants resulted in poor xylose fermentation and growth inhibition even though xylitol accumulation reduced substantially. Verho et al. attempted to alleviate the negative effect of ZWF1 deletion by introducing a heterologous NADP + -dependent glyceraldehyde-3-phosphate dehydrogenase (Kluyveromyces lactis GPD1, EC 1.2.1.13). Through the combination of ZWF1 deletion and KlGPD1 overexpression, they achieved 48% less xylitol yield and 52% higher ethanol titer compared to parental S. cerevisiae expressing the XR-XDH pathway [81] . Similarly, deletion of GDH1 encoding NADPH-dependent glutamate dehydrogenase (EC 1.4.1.4) and the overexpression of GDH2 encoding NADH-dependent glutamate dehydrogenase (EC 1.4.1.2) in the ammonia utilization pathway reduced xylitol accumulation and increased ethanol yield during xylose fermentation [82] (Fig. 2b) . Additionally, deletion of NADP + -dependent cytosolic aldehyde dehydrogenase (ALD6, EC 1.2.1.4) improved xylose fermentation and reduced accumulation of acetate [57, 70] .
The introduction of heterologous electron sink reactions capable of oxidizing surplus NADH was able to alleviate the cofactor imbalance and xylitol accumulation of engineered yeast with the oxidoreductase pathway. For example, overexpression of noxE encoding a water-forming NADH oxidase (EC 1.6.99.3) from Lactococcus lactis in engineered yeast with the XR-XDH pathway resulted in a 70% decrease of xylitol yield and 39% increase of ethanol yield through regenerating NAD + from NADH with molecular oxygen as an electron acceptor (Fig. 2c) [83] . Instead of the water-forming reaction, Wei et al. constructed the acetate reduction pathway consisting of ACS and acetylating acetaldehyde dehydrogenase (AADH, EC 1.2.1.10) which converts acetyl-CoA into acetaldehyde (Fig. 2d) [84] . Acetate is one of the major byproducts in lignocellulosic hydrolysates, and it hampers fermentation and growth of yeast cells in lignocellulosic hydrolysates [85] . The acetate reduction pathway can exploit the cofactor imbalance of the XR-XDH pathway as surplus NADH is necessary to reduce acetyl-CoA into ethanol. The efficiency of the acetate reduction pathway depended upon expression levels and activities of ACS and AADH [86] . This acetate utilization strategy accomplished efficient xylose fermentation-less xylitol accumulation and more ethanol production-by utilizing the non-carbohydrate component acetate, and consequently detoxifying lignocellulosic hydrolysates [84, 86] .
Similarly, re-assimilation of carbon dioxide through reductive pentose phosphate pathway consisting of carboxylase/oxygenase (RuBisCO, EC 4.1.1.39) and phosphoribulokinase (PRK, EC 2.7.1.19) also can be used as an electron sink reaction. Serial reactions of PRK and RuBisCO synthesize two molecules of 3-phosphoglycerate from ribulose-5-phosphate and carbon dioxide. As 3-phosphoglycerate eventually can be converted into ethanol, carbon dioxide can act as an electron acceptor for the re-oxidation of NADH [87, 88] . Xia et al. [87] constructed functional reductive pentose phosphate pathway in an efficient xylose-fermenting S. cerevisiae by introducing RuBisCo, PRK, and chaperonins to reassimilate carbon dioxide generated by pyruvate decarboxylase (PDC, EC 4.1.1.1) during ethanol fermentation and consequently increase ethanol yield. The functional expression of reductive pentose phosphate pathway in engineered S. cerevisiae distinctly reduced yields of glycerol and xylose, which were formed to compensate the excessive NADH, and increased ethanol yield during xylose fermentation, whereas it did not significantly change glycerol and ethanol yields of glucose fermentation [87, 88] . The synergistic effect of xylose utilization and carbon dioxide re-assimilation resulted from the better supply of ribulose-5-phosphate and the excessive NADH during xylose fermentation than glucose fermentation [87] . On the other side, NADPH and ATP supply for XR and RuBisCO, respectively, could be limited during xylose fermentation of engineered S. cerevisiae. Recently, Li et al. [89] have demonstrated and solved the issue of NADPH and ATP limitation during carbon dioxide re-assimilation under xylose culture conditions through co-fermentation of maltose and xylose.
Reconfiguration of endogenous sugar metabolism
XK plays an important role as a linker reaction between foreign xylose assimilation pathways and native pentose phosphate pathway in engineered S. cerevisiae. Interestingly, S. cerevisiae shows a bigger gap in the growth rates between glucose and xylulose as a sole carbon source than other yeast strains [33] , suggesting that XK activity needs to be enhanced along with XR-XDH [57, 75, [90] [91] [92] [93] [94] or XI [15, 38, 44, [95] [96] [97] to rapidly ferment xylose by engineered S. cerevisiae. Additional expression of endogenous XK coding gene XKS1 under the control of a strong promoter along with XYL1 and XYL2 improved xylose fermentation drastically [55] , yet Sc. stipitis XK (XYL3) also has been adopted due to its higher activity and narrower specificity than endogenous XK [98, 99] . Increase in XK activities improved xylulose fermenting capability of S. cerevisiae [33, 99, 100] , reduced xylitol accumulation, and improved ethanol production in xylose-fermenting S. cerevisiae [55, [90] [91] [92] [93] 96] . At the same time, however, excessive expression of XK is toxic to the yeast cells under xylulose [101] or xylose culture conditions [98, 102] . As XK requires ATP as a substrate, overexpression of XK with an uncontrolled supply of xylulose can result in an imbalance between ATP consumption and ATP generation, and eventually ATP depletion [98] . The toxic effect of XK overexpression during xylose fermentation can be alleviated by the disruption of PHO13 [102] or moderated XK activity levels [93, 98] . These studies indicate that the low XK Endogenous NADPH regenerating enzymes of the oxidative pentose phosphate pathway (a) and the ammonia utilization pathway were deleted to reduce XR activity and accordingly develop a lower XR/XDH activity ratio. Surplus NADH was alleviated via NADH oxidase reaction (a) or utilized as a driving force of acetate reduction pathway consisting of acetyl-CoA synthase (ACS) and acetylating acetaldehyde dehydrogenase (AADH) (b). Gene nomenclature: ZWF1 glucose-6-phsophate dehydrogenase, GND1 6-phosphogluconate dehydrogenase, GDH1 NADPH-dependent glutamate dehydrogenase, GDH2 NADH-dependent glutamate dehydrogenase, noxE NADH oxidase from L. lactis, adhE AADH from Escherichia coli activity of S. cerevisiae is one of the rate-limiting steps in the fermentation of xylulose and xylose, yet its expression level should be carefully adjusted with consideration of the activities of upstream and downstream metabolic pathways.
Beyond optimization of xylose isomerization and xylulose phosphorylation pathways, additional genetic perturbations for eliciting improved xylose fermentation have been identified through rational and inverse metabolic engineering approaches. Non-oxidative pentose phosphate pathway was hypothesized as a limiting pathway of engineered S. cerevisiae for xylose fermentation as intermediates of the non-oxidative pentose phosphate pathway were accumulated under xylose culture conditions [58, 103] . To overcome the inefficient capacity of the non-oxidative pentose phosphate pathway in S. cerevisiae, endogenous or Sc. stipitis genes coding for the enzymes involved in the non-oxidative pentose phosphate pathway, such as RKI1 (ribose-5-phosphate isomerase, EC 5.3.1.6), RPE1 (ribulose-5-phosphate epimerase; EC 5.1.3.1), TKL1 (transketolase, EC 2.2.1.1), and TAL1 (transaldolase, EC 2.2.1.2) (Fig. 3) , have been overexpressed. Overexpression of the enzymes involved in non-oxidative pentose phosphate pathway led to improved xylose assimilation rates by engineered S. cerevisiae expressing the XR-XDH pathway [59, 70, [104] [105] [106] or the XI pathway [38, 44, 107] .
Inverse metabolic engineering studies have discovered various overexpression and knockout targets which are hidden limiting reactions and unknown coupled regulating factors of xylose utilization of S. cerevisiae. Among those targets, PHO13 has been consistently identified as one of the most effective deletion targets to enhance xylose-fermenting capabilities of S. cerevisiae [57, 102] . Under xylose conditions, deletion of PHO13 improves the cell growth rate and the ethanol productivity of engineered S. cerevisiae strains expressing the XR-XDH pathway [57, 108, 109] or XI pathway [95] when activities of heterologous xylose pathways reach sufficient levels. Although physiological functions of Pho13p have not been fully disclosed yet, a recent study found significant changes in transcriptional patterns of S. cerevisiae after PHO13 deletion, in particular, the oxidative pentose phosphate pathway, other NADPH-regenerating pathways, and TAL1 encoding transaldolase [110] . Transaldolase is a bottleneck of the non-oxidative pentose phosphate pathway resulting in the accumulation of its substrate sedoheptulose-7-phosphate and sedoheptulose, a dead-end metabolite, during xylose fermentation in S. cerevisiae. Interestingly, Pho13p has a promiscuous phosphatase activity on sedoheptulose-7-phosphate. Thus PHO13 deletion significantly enhanced xylose fermentation and reduced accumulation of sedoheptulose-7-phosphate and sedoheptulose (Fig. 3) . These phenotypic changes of the PHO13 deleted strain could be similarly reproduced by single overexpression of TAL1 [106] .
Introduction of the phosphoketolase pathway
S. cerevisiae and other yeast strains possessing neither PK nor ACK/PTA pathways metabolize xylulose-5-phosphate only through pentose phosphate pathway and glycolysis. This oxidative glycolysis of sugars inevitably loses one carbon via carbon dioxide generation during conversion of pyruvate to acetaldehyde which can be further metabolized to acetate or ethanol (Fig. 4) . As the combination of PK and ACK/PTA theoretically converts xylulose-5-phosphate to acetate or acetyl-CoA with glyceraldehyde-3-phosphate without carbon loss (Figs. 1,  4) , several studies attempted to increase the yield of target molecules by introducing heterologous PK into S. Fig. 3 Schematics of the non-oxidative pentose phosphate pathway. While other intermediates can be shunted to glycolysis, sedoheptulose-7-phosphate is converted into a dead-end metabolite sedoheptulose by promiscuous phosphatase activity of Pho13p. The expression of TAL1 is indirectly regulated by PHO13. Gene nomenclature: RKI1 ribose-5-phosphate isomerase, RPE1 ribulose-5-phosphate epimerase, TKL1 transketolase, TAL1 transaldolase cerevisiae. While the introduction of PK and ACK/PTA enhanced production of derivatives of cytosolic acetylCoA such as fatty acid ethyl esters and polyhydroxy butyrate under glucose culture conditions [111, 112] , the performance of PK under xylose culture conditions is still ambiguous. Sonderegger et al. [113] attempted to increase ethanol yield on xylose through the carbon conserving route of PK, PTA, and AADH (Fig. 4) . Overexpression of PK in S. cerevisiae, however, resulted in significant accumulation of acetate under xylose culture conditions, instead of ethanol. Interestingly, they argued that S. cerevisiae showed marginal, yet reliable endogenous activities of PK. Overexpression of PTA and AADH without furnishing heterologous PK resulted in 25% increase in ethanol yield on xylose. Given the potential of the carbon conserving nature of the PK pathways, indepth investigation of the innate PK activity in S. cerevisiae will be necessary.
Xylose transporter engineering
As S. cerevisiae does not have xylose-specific transporters, xylose-fermenting S. cerevisiae strains might consume xylose via native hexose transporters, such as Hxt1p, Hxt2p, Hxt4p, Hxt5p, Hxt7p, and Gal2p [114] [115] [116] . However, the characteristics of non-specific sugar transporters, such as much less affinity toward xylose than glucose [117] , and inefficient transport at lower xylose concentrations [55, 118] , can be another bottleneck to construct an efficient xylose-fermenting yeast for industrial applications. Mainly two strategies-search for novel heterologous xylose transporters, and engineering of existing sugar transporters-have been employed to overcome the limited xylose-transporting capacity of native sugar transporters in S. cerevisiae.
Xylose-transporting capabilities of heterologous transporters from innate xylose-fermenting yeasts, such as Candida intermedia and Sc. Stipitis, have been examined in S. cerevisiae. The heterologous expression of C. intermedia GXF1 and GXS1, Sc. stipitis XUT1 and XUT2 in hexose transporter null mutant S. cerevisiae (Δhxt1-17, Δgal2, Δstl1, Δagt1, Δmph2, and Δmph3) marginally affected growth as compared to the expression of endogenous transporters, such as Hxt7p [119] , while additional expression of GXF1 in transporter-positive S. cerevisiae notedly improved xylose uptake rate and cell growth in low xylose concentration [120] . Additional expression of Sc. stipitis transporters, such as XUT4, XUT5, XUT6, XUT7, RGT2, and SUT4, also increased xylose uptake rates and specific growth rates of industrial S. cerevisiae harboring XI [121] .
Young et al. generated mutant xylose transporters through directed evolution of C. intermedia GXS1 and Sc. stipitis XUT3. Introduction of the mutant transporters (gxs1-2.1 and gxs1-2.3 from GXS1 and xut3-2.1 and xut3-2.2 from XUT3) in a hexose transporter null S. cerevisiae resulted in substantial increases in growth rate on xylose without affecting growth rates on glucose. They also identified specific amino acid residues (Phe40 of GXS1 and Glu538 of XUT1) where single point mutations can bring about drastic changes in substrate preferences of the transporters. Interestingly, improvement of xylose affinity required the loss of efficiency, namely V max and K m simultaneously increased for directed evolution of C. intermedia GXS1, while the efficiency of Sc. stipitis XUT3 could be improved without loosing xylose affinity, suggesting that there might be an inherent limitation in engineering those transporters for optimal performance [122] . Similarly, Reider Apel et al. [123] discovered a novel mutation (Phe79Ser) in HXT7 that allowed engineered S. cerevisiae to display improved xylose uptake and growth on xylose through serial sub-cultures on xylose. Modeling the structure of the mutated Hxt7p predicted that the Phe79Ser mutation is located in a central sugar-binding pore of Hxt7p. The mutant Hxt7p exhibited significantly higher xylose transport efficiency (V max = 186.4 nmol/ min mg) than wild-type Hxt7p (V max = 101.6 nmol/ min mg), whereas the mutated Hxt7p still exhibited a similar level of xylose affinity (K m = 228.8 mM) to the level of wild-type (K m = 161.4 mM). 
Production of advanced biofuels and chemicals from xylose by engineered S. cerevisiae
Despite numerous metabolic engineering efforts, S. cerevisiae still cannot ferment xylose to ethanol as efficiently as glucose. During glucose utilization, S. cerevisiae efficiently ferments glucose to ethanol and carbon dioxide by repressing unnecessary metabolic pathways except for alcoholic fermentation regardless of oxygen presence through its peculiar regulatory system, the 'Crabtree effect' [124, 125] . On the contrary, xylose utilization by engineered S. cerevisiae results in lower metabolic activities of the glycolytic pathway [126] [127] [128] , and higher expression of genes involved in non-fermentative metabolism through dysregulation of glucose-dependent repression that causes redirection of metabolic fluxes toward byproducts from ethanol production [129] [130] [131] [132] . These genetic and metabolic characteristics of engineered S. cerevisiae grown on xylose are obstacles to efficient and rapid production of ethanol from xylose. However, at the same time, the metabolic pattern of xylose fermentation might be advantageous for producing advanced biofuels and chemicals as synthetic pathways to produce target molecules can overturn the innate metabolic preference to produce ethanol by S. cerevisiae. The following parts introduce recent studies reporting the beneficial effects of xylose utilization on the production of biofuels and chemicals instead of ethanol by engineered S. cerevisiae.
Production of fatty alcohol from xylose
1-Hexadecanol, also known as cetyl alcohol and palmityl alcohol, has been used as an emulsifier and a lubricant in various industrial fields, and considered as a potential advanced biofuel. Guo et al. compared productivities of 1-hexadecanol in engineered S. cerevisiae under xylose and glucose culture conditions [11] . They previously produced 1-hexadecanol in engineered S. cerevisiae by the introduction of fatty acyl-CoA reductase, and further improved its productivity through overexpressing acetyl-CoA carboxylase (ACC1), knocking out a negative regulator of phospholipid metabolism, and introducing heterologous cytosolic acetyl-CoA synthetic enzyme, ATP-citrate lyase [133] . The introduction of the optimized XR-XDH-XK expression system and subsequent laboratory evolution on xylose allowed the previous engineered S. cerevisiae to produce 1-hexadenanol from xylose. The resulting xylose-utilizing engineered S. cerevisiae showed a much higher yield of 1-hexadecanol in both batch (0.10 g/g) and fed-batch fermentation (0.08 g/g) from xylose as compared to glucose (0.03 and <0.01 g/g, respectively) [11, 133] . Three peculiar genetic and physiological characteristics of xylose metabolism are speculated to exhibit the positive effect of xylose on fatty alcohol synthesis in S. cerevisiae. First, cytosolic acetyl-CoA, the core intermediate of acyl-CoA synthetic metabolism, could be more efficiently produced under xylose culture conditions compared to glucose, due to dysregulation of glucose-dependent repression on genes related to ethanol re-assimilation (ADH2) and cytosolic acetyl-CoA synthesis (ALD3, ALD6, ACS1) [130, 132] (Fig. 5) . Second, upregulation of genes encoding enzymes in the tricarboxylic acid cycle or respiratory enzymes in mitochondria [130, 132] probably improved ATP and citrate generation and consequently enhanced cytosolic acetyl-CoA synthesis via endogenous ACS and heterologous ATP citrate lyase (Fig. 5) . Lastly, as extracellular xylose cannot sufficiently interact with Snf1p [134] , a sensor protein that downregulates the expression of ACC1 and upregulates β-oxidation [133] , xylose culture could prevent inhibition of fatty acid synthesis and degradation of acyl-CoA.
Production of lactic acid from xylose
Lactic acid (2-hydroxypropanoic acid) is an organic acid with widespread applications in food, cosmetic, pharmaceutical, and polymer industries. Many studies have engineered yeasts with a heterologous lactate dehydrogenase (LDH, EC 1.1.1.27) for biological lactic acid production due to yeast can perform better than lactic acid bacteria under industrial and economic feasible fermentation conditions as recently reviewed [135, 136] . Although furnishing a heterologous LDH allowed engineered S. cerevisiae to produce lactic acid, ethanol was still one of the major products under fermentable sugar culture conditions [137] [138] [139] . Knockout of PDC and aldehyde dehydrogenase (ADH, EC 1.2.1.3) is a possible solution to reduce metabolic flux toward ethanol, yet the deletion of key metabolic enzymes negatively impact on cell growth [140] . Instead of genetic perturbations for diminishing ethanol production, Turner et al. introduced LDH into an efficient xylose-fermenting S. cerevisiae. They demonstrated that the engineered S. cerevisiae efficiently produces lactic acid without detectable ethanol accumulation on xylose (Y lactate/xylose = 0.69 g/g xylose, Y ethanol/ xylose < 0.01 g/g xylose), while the engineered yeast produced lactic acid and ethanol simultaneously at 2:3 ratios on glucose (Y lactate/xylose = 0.22 g/g glucose, Y ethanol/ xylose = 0.31 g/g glucose) [12] . Weaker metabolic activity of glycolysis on xylose [126] [127] [128] is a probable interpretation of this phenomenon. LDH competes with PDC for pyruvate which is the final product of glycolysis as well as the branch point metabolite between lactate and ethanol pathways. As LDH has smaller K M value than PDC [12] , the inefficient glycolytic metabolism under xylose culture conditions would allow LDH to direct more metabolic flux from pyruvate than endogenous PDC. Additionally, the expression level of JEN1, a lactate-proton symporter coding gene, is upregulated under xylose through dysregulation of glucose-dependent repression [130] . Efficient transporting lactic acid to the outside of yeast cells via Jen1p increases productivity and yield of lactic acid as LDH reaction is reversible and allosterically inhibited by lactate [137] (Fig. 5 ).
Perspectives and remaining challenges
Cellulosic ethanol is being commercialized, but production of more functional and valuable molecules than ethanol from cellulosic sugars is also anticipated. AcetylCoA is an important precursor for many valuable biochemical products. However, there are hurdles impeding ample biosynthesis of acetyl-CoA-derived products in S. cerevisiae. First, acetyl-CoA synthesis in S. cerevisiae is compartmentalized in four different cellular spaces: mitochondria, cytosol, peroxisome, and nucleus. While many valuable acetyl-CoA derived chemicals, such as isoprenoids, sterols, polyketides, polyphenols, and waxes, are synthesized in the cytosol, cytosolic acetyl-CoA synthesis in yeast is limited. Second, the cytosolic acetyl-CoA synthetic pathway shares acetaldehyde as an intermediate but acetaldehyde is drained by the ethanol producing pathway. Third, the native ACS reaction of S. cerevisiae is energetically expensive [141] . As distinctive features of S. cerevisiae xylose metabolism mitigate the three hurdles, we can speculate that the positive effect of xylose utilization on the fatty alcohol production would be extended to the biosynthesis of other value-added molecules deriving from cytosolic acetyl-CoA (Fig. 5) . In-depth studies about the PK-ACK/PTA pathway (Fig. 1) -a carbon conserving cytosolic acetyl-CoA synthetic metabolism-would be necessary to further enhance the yield of cytosolic acetylCoA derivatives under xylose conditions.
In the same manner, engineered S. cerevisiae would exhibit a higher yield of not only lactic acid but also other molecule derived from pyruvate or other glycolysis intermediates. However, prior studies reported contrary results to this expectation. No meaningful improvements in the production of 2,3-butanediol [142] and isobutanol [143] which are derived from pyruvate have been reported under xylose conditions. A notable difference between the enhanced lactic acid production and the latter ineffectual production of 2,3-butanediol and isobutanol is the order of metabolic engineering efforts. Namely, for the production of 2,3-butanediol and isobutanol, xylose pathways were introduced after optimizing the production pathway from glucose, while the lactic acid study furnished LDH into a host strain which had already optimized for xylose fermentation.
To produce 2,3-butanediol from xylose by engineered yeast, the XR-XDH pathway was introduced to a pyruvate decarboxylase deficient (Δpdc1, Δpdc5) S. cerevisiae harboring a mutation in MTH1 (A81P) and a heterologous 2,3-butanediol synthetic pathway [142, 144] . The 2,3-butanediol synthetic pathway consisting of AlsS (acetolactate synthase, EC 2.2.1.6), AlsD (acetolactate decarboxylase, EC 4.1.1.5), and BDH (2,3-butanediol Schematic comparison between glucose (orange) and xylose (blue) metabolisms in engineered S. cerevisiae. Colored distinction of arrows indicates which sugar induce each metabolic pathway to be predominant. Xylose-derived weaker glycolysis metabolic activity and dysregulation of glucose repressions on cytosolic acetyl-coA synthetic pathway and mitochondrial development (green) allowed S. cerevisiae to more efficiently produce derivatives of pyruvate and cytosolic acetyl-CoA dehydrogenase, EC 1.1.1.4) regenerates a half amount of NAD + regenerated from the LDH reaction which can regenerate an equivalent amount of NAD + as compared to ADH reaction. This insufficient NAD + regeneration from 2,3-butanediol production and surplus NADH derived from the XR-XDH pathway induce NADH oxidation via glycerol synthesis during xylose conversion to 2,3-butanediol and consequently resulted in lower 2,3-butanediol yields compared to that from glucose (Fig. 5) . Considering redox imbalances of the XR-XDH pathway and 2,3-butanediol pathway, introduction of the XI pathway, which does not require cofactors, would be more appropriate approach to observe the positive xylose effect on 2,3-butanetiol production.
Similarly, the isobutanol study also introduced the XI pathway into an existing S. cerevisiae engineered for efficient isobutanol production from glucose through re-localization of mitochondrial Ilv2p (acetolactate synthase), Ilv5p (keto-acid reductoisomerase, EC 1.1.1.86), and Ilv3p (dihydroxyacid dehydratase, EC 4.2.1.9) to cytosol [145] (Fig. 5) . Although the engineered S. cerevisiae successfully overcame the loss of mitochondrial function and increased isobutanol production on glucose, the re-localization of mitochondrial pathway was not an appropriate strategy on xylose as utilization of non-fermentable sugars dysregulates glucose-dependent repression on the development of mitochondria and induces its metabolism [146, 147] . In that respect, we can assume that reverse localization of cytosolic pathway into mitochondria [148] is a proper strategy to improve isobutanol production from xylose (Fig. 5) .
Inadequate optimization of xylose pathways could also be a considerable cause of the inefficient production of the 2,3-butanediol and isobutanol from xylose as compared to glucose. Especially, the MTH1 mutation (A81P) alleviated the toxic effects on cell growth by PDC knockout via decreased sugar influx during glucose fermentation [144] , yet higher MTH1 expression levels under xylose conditions [130] could additionally reduce xylose influx and further decrease 2,3-butanediol productivity as compared to glucose.
We can come to a conclusion that xylose might serve better than glucose as a substrate for producing advanced biofuels and chemicals derived from cytosolic acetylCoA, pyruvate, and other intermediates which must compete with rigid overflow metabolism to be acquired in S. cerevisiae. Xylose utilization might lead to undesirable redox and energy balances [126] . Nonetheless, xylose is an effective sugar to overcome the Crabtree effect and to redirect S. cerevisiae metabolism for better production of above target biofuels and chemicals instead of producing ethanol [130] [131] [132] 149] . To maixmize the benficial effects of xylose, optimization of the xylose metabolic pathway is pre-requisite for efficient conversion of xylose to target molecules. In addition, culture conditions, synthetic pathways of target molecules, and additional optimization on endogenous metabolisms will need to be carefully conisered in the context of xylose metabolism.
Concluding remarks
As xylose is the second most abundant monosaccharide in lignocellulosic materials, many studies have searched and developed efficient xylose utilizing microorganisms for economic and sustainable processes capable of converting lignocellulosic biomass to fuels and chemicals. Instead of using natural xylose-fermenting yeast strains, S. cerevisiae has been thoroughly engineered to assimilate xylose due to its robustness under industrial fermentation conditions. The XR-XDH pathway and the XI pathway are being used to develop efficient xylose-fermenting S. cerevisiae. The major drawbackdual cofactor preference-of the XR-XDH pathway, was minimized by protein engineering, controlling activity ratio of XR/XDH, and adding heterologous electron sink reactions. Conversely, the cofactor imbalance also could act as a driving force to utilize acetate in the hydrolysate and carbon dioxide for increasing ethanol yield via novel synthetic pathways that require electron acceptors for the oxidation of NADH. Insufficient expression and inferior kinetic properties of XI were overcome through codon optimization, increasing gene dosage, and directed protein evolution. Additionally, xylose assimilation via XI could be further enhanced through perturbations on endogenous iron-sulfur biosynthesis and regulation mechanism for glycolytic fluxes. Xylose would serve as a better sugar than glucose to produce advanced biofuels and chemicals whose synthetic pathway was regulated by glucose repression. In particular, 1-hexadecanol and lactic acid, derived from cytosolic acetyl-CoA and pyruvate, could be more efficiently synthesized through xylose utilization under appropriate metabolic engineering approaches considering xylose metabolism of S. cerevisiae. Initial motivation of xylose utilization by engineered yeast was because xylose was an abundant sugar in cellulosic hydrolysates. However, more applications to exploit the unique metabolic regulation by xylose can be considered in the future. 
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